Abstract. Linear relationships were found between density and porosity, density and permeability, porosity and permeability, and porosity and specific yield. This suggests that properties such as permeability, porosity, and specific yield are not significantly affected by different aggregate types. However, density and porosity can be an effective method for predicting porosity, specific yield, and permeability. T-tests were also conducted to determine the effect aggregate types had on the solid/liquid separation properties of the pervious concrete. The amount of compost retained within the specimens was significantly less where #8 river gravel was used as opposed to the other aggregates. This was also noticed when the mean reduction in permeability was analyzed. The use of #8 river gravel resulted in significantly less reduction in permeability when compared to the other aggregates. Although the #8 river gravel had a different effect on the compost retained and the reduction in permeability for the specimens, all four exhibited a significant reduction in the permeability after the compost was applied.
Introduction
The status of water quality in our nation is one of the most important environmental issues studied today. Water quality can be affected by a variety of sources including agricultural practices, urban development, and mining/industrial activities, all of which pose a potential threat to clean water. In the National Water Quality Inventory: 1998 Report to Congress, the United States Environmental Protection Agency (EPA) identified the leading sources of stream impairment in the U.S. to be related to agriculture. Animal feeding operations were identified as contributing 16 percent of the total pollution from agricultural practices resulting in stream impairment (USEPA, 2000) . Current operational practices include confinement barns, handling facilities, manure and compost storage, and paved feedlots that result in the concentration of animals and their waste products. One of the major problems with these practices is the use of concrete or other impervious surfaces which contribute to increased runoff. Increased runoff associated with higher concentrations of animals and animal waste results in increased levels of total pollutants in the runoff from these facilities. As water quality standards become more stringent, further development of the treatment systems is necessary to optimize the reduction of pollutants in the natural environment.
Pervious concrete has been used for many years to reduce runoff and could be a promising component in the treatment of wastewater from agricultural facilities, more specifically in animal production operations. Pervious concrete basically consists of portland cement, uniform sized coarse aggregate, and water. Chemical admixtures, supplementary cementitious materials (such as fly ash or slag), fine aggregate, and fiber reinforcement may also be used. The elimination of most or all of the fine aggregate in the concrete mix provides void spaces in the hardened concrete, essentially gaps between the coarse aggregate particles, which are held in place by the cement paste. This interconnected void structure allows for the rapid flow of water through the concrete matrix (Ghafoori and Dutta, 1995c) .
Researchers have conducted laboratory tests in recent years to determine the physical properties of pervious concrete (Malhotra, 1976 , Ghafoori and Dutta, 1995b , Crouch et al., 2003 , Yang, 2002 , Park, 2003 . Four properties of pervious concrete that have typically been the focus of most of these laboratory investigations include; density, porosity, permeability, and compressive strength.
The density and porosity of pervious concrete can depend on a variety of factors including the properties of the materials, the proportions of those materials in the concrete mix, and the methods used for placement and compaction. Pervious concrete densities typically range between 1,570 kg/m 3 and 2,000 kg/m 3 (Tennis et al., 2004, Ghafoori and Dutta, 1995b) . During laboratory experiments, Ghafoori (1995a) was able to vary the density of pervious concrete specimens by changing the amounts of coarse aggregates in the mix designs. Reducing the amounts of coarse aggregate resulted in an increase in density due to the lower specific gravity of coarse aggregate compared to the portland cement. Porosity is a measure of the void space between the coarse aggregate particles. Individual void sizes can be controlled based on the size of the coarse aggregate used in the concrete mix. Mix designs utilizing larger aggregates result in larger void spaces while smaller aggregates result in smaller and more numerous void spaces. By controlling the size of the individual voids, it could be possible to develop a method for filtering desired particles from a fluid based on the aggregate size. Total void space can also be affected by the methods utilized for placement and compaction. Crouch (2003) found that using high density paver placement resulted in "lower mean effective voids" (18.4% voids) as compared to the same pervious concrete mixture placed by hand (27.8% voids). Adequate compaction of the pervious concrete is necessary to ensure that the aggregates are tightly adhered to one another. Laboratory tests have demonstrated that the compressive strength of the pervious concrete is inversely related to the void content (Crouch et al., 2003) .
The permeability of pervious concrete is directly related to the porosity of the mixture and is therefore controlled by the materials, proportions, and placement techniques. As discussed earlier, increasing compaction effort will reduce the porosity of the pervious concrete mixture which will in turn reduce the permeability. Modifying the size of the aggregate particles or the aggregate-cement ratio will also change the porosity of the mixture and offers another method for controlling pervious concrete permeability. Flow rates in pervious concrete mixtures typically range from 2.0 L/m 2 /sec to 5.4 L/m 2 /sec; however, flow rates in excess of 11.5 L/m 2 /sec have also been measured (Tennis et al., 2004, Ghafoori and Dutta, 1995b) . Controlling the permeability of pervious concrete would allow for the control of effluent discharge rates in a pervious concrete installation.
The compressive strength of pervious concrete is of particular importance because potential applications can be limited by the strength of the concrete. Compressive strengths in the range of 3.45 MPa to 12.76 MPa can be attained which makes pervious concrete suitable for several different applications. Major factors influencing the strength of a given mixture include; the types of materials, the proportions of those materials, and the methods used for placement and compaction (Tennis et al., 2004) . As mentioned above, most research has demonstrated that there is an inverse relationship between the porosity of the mixture and the compressive strength (Crouch et al., 2003 , Yang, 2002 .
Since limited information exists on the ability of pervious concrete to provide solid/liquid separation, additional studies are necessary to determine the potential performance of pervious concrete in these applications. By observing pervious concrete installations, researchers have determined that failure due to clogging is possible. However, no studies have been conducted to determine to what extent clogging will occur or how different materials will affect clogging of the pervious concrete. For agricultural purposes, more research is needed to determine to what extent materials such as animal waste, compost, or animal feed could affect clogging in pervious concrete.
The purpose of this research project is to study pervious concrete for potential uses in agricultural practices. The study will focus mainly on hydrologic properties of pervious concrete important for applications in animal production facilities. Pervious concrete could be used for the control and treatment of runoff from an animal feeding operation. Grooved concrete floor systems with perforations have been tested for use in cattle buildings in the Netherlands (Swierstra, 2001) . These floor systems have been found to provide adequate slip resistance by allowing some animal waste to pass beneath the floor. Additional tests found that ammonia emissions were reduced by allowing animal urine to drain through the floor system into a storage pit below (Swierstra, 2001) . Pervious concrete could provide benefits if used in an application similar to the grooved concrete floor systems with perforations. The open pore surface of pervious concrete would be an improvement for slip resistance as noted above in the grooved flooring system. Research was conducted to provide more information concerning the use of pervious concrete in agricultural applications, specifically for the control and treatment of runoff wastewater from animal production facilities. Tests focused on determining the porosity, permeability, and water retention characteristics of pervious concrete mix designs before and after compost material had been added to the pervious concrete specimens. Solid material retention properties were examined after the compost was placed on top of the pervious concrete specimens.
Materials and Methods

Test Materials
The pervious concrete specimens used for testing were 0.45 m in length and width with a thickness of 140 mm. A total of sixteen mixtures were created from four aggregate sizes while varying the use of fibers and fly ash in the pervious concrete. Each of the mixtures received 90 kg of water, 4.4 g of an air-entraining admixture per 100 kg of cementitious material (cement or cement plus fly ash), and 0.93 g of a retarding admixture per 100 kg of cementitious material. Three replicates were made for each mixture resulting in a total of 48 specimens used in the testing process. The proportions of materials in each of the sixteen mix designs can be found in Table 1 . A 0.25 m 3 concrete mixer was used for mixing and the pervious concrete was placed in the forms with shovels. The specimens were struck off 15 mm above the final height and compacted using a steel hand roller 45 kg in weight and 1 meter in width. Once the specimens were compacted, they were covered with plastic and allowed to cure for 28 days. A sieve analysis was conducted for the four aggregate types used. The results of the sieve analysis for the #8 river gravel, #57 river gravel, #9 limestone, and #57 limestone yielded D 50 particle sizes of 6.9 mm, 11.0 mm, 12.1 mm, and 13.7 mm, respectively. The results from the analysis also made it possible to calculate the coefficient of uniformity (C u ) for the aggregates. The values of C u were 15 for the #8 river gravel, 3 for the #57river gravel, 5 for the #9 limestone, and 2 for the #57 limestone. A C u value less than 4 indicates a well sorted (narrow particle size distribution) aggregate, while a C u greater than 6 indicates a poorly sorted (wide particle size distribution) aggregate.
Test Methods
Density
The bulk volume of the specimen was determined by measuring the length, width, and height. The weight of each block was recorded. The density (kg/m 3 ) of each specimen was calculated by dividing the weight of the specimen by the respective volume.
Porosity, Specific Retention, and Specific Yield
The specimens were placed in a container of known volume. Water was added to the container until the specimen was completely submerged. The volume of water required to fill the container was recorded. After thirty minutes, the water level was checked. If the water level had dropped, additional water was added and the volume recorded. After an additional thirty minutes, the water level was again checked and, if necessary, additional water was added and recorded. The water was then drained from the specimen in place using a valve in the bottom of the container and the volume of recovered water was recorded. The void volume was calculated by subtracting the difference in container and specimen volumes from the volume of water required to fill the container. The porosity (cm 3 /cm 3 ) of the specimen was determined by dividing the volume of voids in the specimen by the volume of the specimen. The specific retention of each specimen was calculated by dividing the volume of water retained in the specimen (after draining) by the volume of the specimen. The specific yield was the difference of the porosity and specific yield.
Permeability
A constant-head permeameter was used to measure the permeability. The specimens were placed in a device designed to maintain vertical flow through the specimen. The water level in the device was maintained at 76 mm above the specimen surface. This ensured that turbulence on the surface of the specimen would not affect the flow of water into the specimen. The flow rate was measured using a digital flow meter in the water line. The flow rate was adjusted until a constant head of 76 mm was maintained above the specimen for 10 minutes. When flow equilibrium had been reached, the rate of flow through the specimen (in L/s) was recorded. The permeability of each specimen was then calculated by dividing the recorded flow rate by the surface area for each specimen (L/s/m 2 ).
Solid/Liquid Separation Testing
The solid/liquid separation properties of the pervious concrete specimens were determined by the following test procedures. Four hollow cylinders, each 100 mm in diameter, were placed on the specimens near their corners. Each of the cylinders was filled with a known amount (ovendry weight) of organic matter in the form of compost. The four cylinders limited the contact area between the compost and specimen to 0.031 m 2 or approximately 15% of the total surface area of each specimen. Once the compost was added to the cylinders, 1000 ml of water was poured into each of the cylinders. After 24 hours had elapsed, another 1000 ml of water was poured into each of the cylinders. The effluent was captured from the specimens to determine if any solid material passed through the specimens. It was determined that negligible material had passed through the specimens in the water. The compost remaining in each cylinder was scraped in a horizontal motion (to resemble the cleaning of a concrete pad) with a thin piece of metal to remove the compost from the surface of each specimen. Any of the compost material that had become attached to the cylinders was removed and placed with the compost removed from the surface of the specimens. The compost removed from the specimens was oven-dried at 105ºC for 24 hours and the oven-dry weight was recorded. The difference between the ovendry weight of compost added to the specimen and the oven-dry weight of compost removed from the specimen was used to calculate the percentage of compost retained on the surface of the block. The permeability of each block was retested utilizing the procedures described above. Data from the second permeability test were used to determine how the addition of compost to the surface of the specimens affected water infiltration rates.
Statistical Analysis
Any trends or relationships between the pervious concrete properties were studied by performing linear regression on the data collected using SAS ® . To perform this analysis, a generalized linear model (GLM) procedure was conducted. T-tests were conducted to determine if the use of aggregate types as treatments resulted in a significant difference in any of the pervious concrete properties that were measured. The t-tests were conducted using the two-tailed least significant difference (LSD) test with an alpha value equal to 0.05 (Montgomery, 1997) .
Experimental Results
Density
The density of the pervious concrete specimens varied from 1,739 kg/m 3 to 2,023 kg/m 3 . The results of the t-test to determine if aggregates had a significant effect on density, porosity, specific retention, or specific yield can be found in Table 2 . The p-value of the F statistic for the effect of aggregate type on density was less than 0.0001, indicating that there was a significant difference between the aggregates. Only the #57 limestone and #57 river gravel aggregates did not show a significant difference between their mean densities. 
Porosity
The porosity of the pervious concrete specimens varied from 16.9% to 32.9%. The p-value of the F statistic for the effect of aggregate type on porosity was equal to 0.0004, indicating that there was a significant difference between the aggregates. There was a significant difference between the #8 river gravel and #57 limestone/river gravel aggregates. A similar difference was noted between the #57 limestone and the #8 river gravel and #9 limestone aggregates. This supports the idea that a similar porosity can be achieved with different aggregate types and sizes. The porosity of the specimens did appear to follow a trend depending on the measured density. The relationship between the specimen density and porosity was analyzed by performing linear regression. For the range of densities studied, the linear regression revealed a strong inverse relationship between the density and porosity of the specimens. The results of the linear regression conducted at a 5% significance level along with the prediction equation for porosity and the respective R 2 value for the model are presented in Figure 1 . 
Specific Retention
The specific retention of the specimen represents the portion of the total porosity that does not readily drain after saturated conditions have been reached. The specific retention for the pervious concrete specimens varied between 4.5% and 7.5%. The p-value of the F statistic for the effect of aggregate type on specific retention was less than 0.0001, which indicates there were significant differences among the aggregate types. The treatment analysis results show no significant difference in the effect on specific retention between the #8 river gravel and #57 limestone; however both are different from the #9 limestone and #57 river gravel. Linear regression was performed to determine the relationship between specific retention and density or porosity; however no significant relationship was identified based on the analysis.
Specific Yield
The specific yield of the specimens represents the portion of the total porosity that readily drains after saturated conditions have been reached. The specific yield for the pervious concrete specimens varied between 9.8% and 26.0%. The p-value of the F statistic for the effect of aggregate type on specific yield was 0.0005, which indicates there were significant differences among the aggregate types. The treatment analysis results (Table 2) show a significant difference in the effect on specific yield between the #57 limestone aggregate and all other aggregate types. A significant difference was also found between the specific yields where #8 river gravel was used versus #57 river gravel. The specific yield measured for the specimens appeared to follow a similar trend as the specimen porosity. The relationship between the specimen porosity and specific yield was analyzed by performing linear regression on the data (Figure 2 ). The linear regression revealed a strong relationship between the density and porosity of the specimens. The specific yield nearly follows a 1:1 relationship to porosity with a slope of 0.98 and the intercept value of 6.06 which is approximately the mean of the specific retention data. This is largely due to the fact that the specific retention for the specimens fell within a relatively narrow range of 4.5% to 7.5%. Since the specific yield is the porosity minus the specific retention, the resulting specific yield is very closely related to the porosity. 
Permeability
The permeability of the pervious concrete specimens ranged between 4.2 L/s/m 2 and 25.0 L/s/m 2 . The p-value of the F statistic for the effect of aggregate type on initial permeability was less than 0.01, indicating that there was a significant difference between the aggregates (Table 3) . The #57 limestone aggregate shows a significant difference when compared to the #8 river gravel and #9 limestone aggregates. There was no significant difference in the effects on permeability among the #8 or #57 river gravel or the #9 limestone aggregates. The relationship between specimen density and permeability was analyzed by performing linear regression on the data collected (Figure 3 ). The regression model suggests if the density of the concrete mixture were to increase, the permeability would be greatly reduced for the pervious concrete. The loss of permeability would be attributed to the lack of interconnected voids in the mixture at high densities. The relationship between the specimen porosity and permeability was also analyzed by performing linear regression on the data collected (Figure 4 ). The regression model suggests that the permeability would approach zero for a porosity of approximately 15%, however the regression model is only applicable over the range of data collected. As the porosity is reduced, the interconnected voids would be eliminated, greatly reducing the permeability of the pervious concrete. Therefore, at a low value of porosity, the pervious concrete would be ineffective at allowing water to infiltrate through the matrix rapidly. 
Compost Retained
The compost retained represents the percent of the compost added to the specimen that was retained within the specimen (Table 3 ). The p-value of the F statistic for the effect of aggregate type on the percent compost retained was 0.012, which indicates there were significant differences among the aggregate types. The treatment analysis results show a significant difference in the effect on the percent compost retained between the #8 river gravel aggregate and all other aggregate types. All other aggregates had no significant difference in their effect on the percent compost retained. The #8 river gravel aggregate consisted of a much smaller particle size (D 50 of 6.9 mm) than the other three aggregates. As a result of smaller individual pores at the surface, less compost was allowed to penetrate into the specimens. Also, the scraping method used for removing compost was more effective on the specimens made with #8 river gravel than on the other aggregate types. This was partially due to the smoother surface that was achieved during the compaction of the specimens made with the #8 river gravel. Overall, the pervious concrete was effective in separating liquid and solids. Less than 8% of the compost was retained in the matrix even after 2000 ml of water was applied. For the area of the specimens that the compost was exposed to, the 2000 ml of water represents a depth of 254 mm in accumulated rainfall, approximately one fifth of the average yearly accumulated rainfall for Kentucky.
Reduction in Permeability
The reduction in permeability measures the percent loss of permeability between the initial values and the values after compost had been added to each specimen (Table 3 ). The p-value of the F statistic for the effect of aggregate type on the percent reduction in permeability was 0.0009, which indicates there were significant differences among the aggregate types. The treatment analysis results show a significant difference in the effect on the percent reduction in permeability between the #8 river gravel aggregate and all other aggregate types. There was no significant difference in the effect of the other aggregate types on the percent reduction in permeability. The permeability of specimens composed of #8 river gravel was least affected by the addition of compost. The specimens made with #8 river gravel retained significantly less compost which could be part of the reason why these specimens experienced less reduction in the permeability. To determine if the addition of compost had a significant effect on the specimen permeability, a t-test was conducted to determine if there was a significant difference in permeability before and after compost had been added to the specimens (Table 3) . The results of the t-test indicate that there was a significant reduction in the permeability for all four aggregates (p-values less than 0.0001 for all aggregates).
Conclusions
The results of the laboratory tests yielded values for the physical properties including: density, porosity, permeability, specific retention, and specific yield for the specimens tested. Results from the statistical analysis indicated significant differences in the densities among the four different aggregates. Aggregate types did not seem to have a significant effect on the remaining physical properties. For these properties, linear regression revealed strong relationships between density and porosity, density and permeability, porosity and permeability, and porosity and specific yield. This suggests that properties such as permeability, porosity, and specific yield are not significantly affected by different aggregate types. However, density and porosity can be an effective method for predicting porosity, specific yield, and permeability.
T-tests were also conducted to determine the effect aggregate types had on the solid/liquid separation properties of the pervious concrete. There were some significant differences in the permeability before and after compost application among the aggregates. However, none stood out as being significantly different from the others. The amount of compost retained within the specimens was significantly less where #8 river gravel was used as opposed to the other aggregates. This was also noticed when the mean reduction in permeability was analyzed. The use of #8 river gravel resulted in significantly less reduction in permeability when compared to the other aggregates. Although the #8 river gravel had a different effect on the compost retained and the reduction in permeability for the specimens, all four exhibited a significant reduction in the permeability after the compost was applied.
The results of the tests suggest that pervious concrete would be effective at providing solid/liquid separation in agricultural settings. Future research should include long-term testing to determine how pervious concrete would behave over time when exposed to different materials that exist in agricultural areas.
